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FULL-SCALE WIND-TUNNEL INVESTIGATION
OF THE AFRODYNAMIC CHARACTERISTICS OF THE
HI-10 MANNED LIFTING ENTRY VEHICLE®

By George M. Ware
Langley Research Center

SUMMARY

An investigation has been made of the static longitudinal stability and
static longitudinal and lateral control characteristics of a large-scale model
of the HL-10 manned lifting entry vehicle. Configurations studied in the inves-
tigation included the body alone, the body plus center fin, and the body plus
center and tip fins.

The studies showed that the stabllity and control characteristics of the
model were satisfactory over the test angle-of-attack range. The tip fins had
a large effect on the model characteristics since they greatly increased both
the longitudinal stability and lift-curve slope and reduced the ratio of yawling
moment to rolling moment produced by alleron deflection. The trimmed lift-drag
ratio of the model with both center and tip fins was increased from 3.4 to 4.7
by boattailing the fins, rudder, and elevons. -

INTRODUCTION

The National Aeronautics and Space Administration is conducting a number
of wind-tunnel investigations to provide aerodynamlc data from hypersonlc to
low-subsonic speeds for the HL-10 manned lifting entry vehicle. The studies
(for example, refs. 1 to 16) are aimed at developing a lifting-body configura-
tion which will possess adequate longitudinal and lateral stability and control
over the speed and angle-of-attack ranges with a hypersonic lift-drag ratio of
about 1.0 and a subsonlc lift-drag ratio sufficiently high to allow a conven-
tional glide landing.

The present force-test investigation was made with a 28-foot (8.53 meter)
model of the HL-10 to provide low-speed aerodynamic information at fairly high
Reynolds numbers. The model was tested with a center- plus tip-fin arrangement
which was shown in previous investigations to be necessary for directional

*Pitle, Unclassified.
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stability over the speed range and with a boattailed version of this three-fin
configuration which was suggested in reference 12 as a means of Improving sub-
sonic performance. Data are also presented for the body alone and the body
with a center fin. The tests were conducted over an angle-of-attack range from
0° to about 34°,

SYMBOLS

The lateral data are referred to the body system of axes and the longitu-
dinal datae are referred to the wind axes. (See fig. 1.) The origin of the axes
was located to correspond to a longitudinal center-of-gravity position at
53 percent of the body length and 1.25 percent of the body length below the
model reference line. The coefficients are based on s planform area of
280 square feet (26 square meters), a body length of 28 feet (8.53 meters), and
a span of 18 feet (5.49 meters).

Cp drag coefficient

Cn hinge-moment coefficient

Cy, 1ift coefficient

ACy incremental rolling-moment coefficient
Cm pitching-moment coefficient

ACp incremental yawing-moment coefficilent
NCy incremental side-force coefficient

D drag

Fy slde force

L 1ift

L/D lift-drag ratio

My rolling moment

My pitching moment

My yawing moment

R Reynolds number

X,Y,Z body reference axes
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o angle of attack, degrees

B angle of sideslip, degrees

Bg aileron deflection, ae,R - Be,L’ degrees

Be elevator deflection, positive with trailing edge down, degrees

ae,R right elevator deflection, positive with trailing edge down, degrees

Be,L left elevator deflection, positive with tralling edge down, degrees

Sy rudder deflection, positive with tralling edge deflected left,
degrees

5] angular difference between upper surfaces of original and modified

elevons, degrees
APPARATUS AND MODEL

The tests were conducted in the Langley full-scale tunnel which has a 30-
by 60-foot (9.1k by 18.28 meters) open-throat test section and is capable of
speeds up to about 95 knots. A complete description of the tunnel and test
apparatus may be found in reference 17. Photographs of the model mounted for
force tests in the tunnel are presented in figure 2, and drawings of the model
are presented in figure 3. The model had & 7h° delta planform with a thick
negatively cambered alrfoil section. It was tested with several different fin
arrangements - specifically, a center fin designated E, (fig. 3(a)), a center
fin Ep plus tip fins designated Iy (fig. 3(b)), and a boattailed three-fin con-

figuration designated modified fins Ep plus Iy (fig. 3(c)). Auxiliary drawings
of the model with fins I) are presented in figure 3(d) to define more clearly
the toe-in and roll-out angles of the tlp fins.

The modified three-fin configuration was tested with boattailed elevon
surfaces. The various elevon configurations are identified in terms of the
angular difference between the upper surfaces of the original and modified
elevon, measured parallel to the model center line. (See fig. 3(c).) The
modified three-fin configuration had boattailed elevons with 86 = 41° unless
otherwise noted. This configuration was also equipped with speed brakes. The
speed brakes are split surfaces, mounted on the modified center fin, that move
together as a rudder or open up to act as brakes. For convenience in presenta-
tion, the landing gear used in the investlgation is shown in figure 3(b) mounted
on the three-fin configuration although the test was actually conducted with
the landing gear on the body alone.
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TESTS

Statlc force tests were made to determine the static longitudinal stabil-
ity and static longitudinal and lateral control characteristics of the body
alone, the body with a center vertical fin, and the body with a center vertical
fin plus tip fins over an angle-of-attack range from 0° to about 34°. Tests
were also made to determine the effect of boattailing the fins and elevon sur-
faces on the longitudinal characteristics of the model. The investigation
included measurements of the elevon hinge moments. The tests were made at
velocities of about 51 and 79 knots which correspond to Reynolds numbers, based
on the model length of 28 feet (8.53 meters), of approximately 15 x 109 and

2k x 106, respectively.

The force and moment data presented have been corrected for alrstream-
misalinement, jet-boundary, buoyancy, and blockage effects.

RESULTS AND DISCUSSION

Longitudinal Stability and Control Characteristics

Effect of Reynolds number.- Although a rather large model was used in the
investigation it was still impossible to duplicate the flight Reynolds number
that will be encountered by the HL-10 vehicle during approach and landing
because of limiting maximum tunnel airspeed. In order to establish whether
variation in Reynolds number had an appreclable effect over the range of veloc-
ities of which the tunnel is capable, a few tests were made near maximum speed
and at about half speed. The results of these tests are presented 1in figure 4
for the body alone and for the complete model with modified fins. The data of
figure 4(a) show that variations in Reynolds number from 15 x 10 to 24 x 106
have no appreciable effect on the characteristics of the body alone. The data
for the modified fin configuration (fig. 4(b)) show only very small differences
in the model characteristics with Reynolds number. Specifically, they show
that the variation of the 1ift and pitching moment with angle of attack was
somewhat more linear for the higher Reynolds number and that the model had s
slightly higher untrimmed maximum lift-drag ratio at the higher Reynolds num-
ber. These data indicate that the fins or fin Junctures were somewhat more
sensitive to changes in Reynolds number than was the body itself. The effects
of Reynolds number were considered sufficlently small, however, to be of no
practical significance, and therefore the remaining tests were made at the
lower speed where tests were easier to make.

Effect of fin configuration.- The effect of fin configuration on the longi-
tudinal characteristics of the model is presented in figure 5. These dats show
that the body alone was longitudinally stable about its design center-of-gravity
position and that the stability level increased significantly above an angle of
attack of about 20°, Addition of the center fin Ep to the body had little

effect on 1ift and pitching moment but did add an increment of drag with
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resulting loss in maximum 1ift-drag ratio. It may also be noted that the model
in this configuration with an elevator deflection of 0° was trimmed at maximum
L/D. Addition of tip fins I) to the body—center-fin configuration had a large

effect on the characteristies of the model. There was an increase in 1lift and
lift-curve slope and a large increase in longitudinal stability up to an angle
of attack of about 20°, evidently because of an end-plate effect of the tip
fins. This increase in stability, which made the pitching-moment variation
with angle of attack more linear over the test range, shifted the longitudinal
trim point to a much lower angle of attack. As might be expected, the additlon
of the tip fins also increased the drag of the configuration. The increases in
both 1lift and drag were compensating, from the standpoint of lift-drag ratio, as
seen from the fact that the untrimmed lift-drag ratios of the model with fin Ep
or fins Ep plus Iy were the same. In order to improve the low-speed lift-drag

characteristics of the three-fin configuration, the fins and elevon surfaces
were boattailed (see fig. 3(c)) as suggested by the small-scale model tests
presented in reference 12. These modifications had almost no effect on 1lift
but reduced the drag of the model and therefore significantly increased the
meximum untrimmed lift-drag ratio. The pitching-moment characteristics of the
three-fin configuration were relatively unchanged, however, and the value of
maximum L/D occurred well off trim conditions.

Effect of elevon trailing-edge thickness.- The small-scale subsonlc tests
of the HL-10 reported in reference 12 Indicated that some of the increase in
lift-drag ratio resulted from boattailing the elevon surfaces. Therefore, the
present investlgation included a few tests with Be = 0° to determine the

effect of the amount of elevon boattailing. In these tests the elevon was boat-
tailed 0°, 4°, 8°, and 12°. (See fig. 2(c).) The data presented in figure 6
show that decreasing the trailing-edge thickness in the manner described had
the same effect on the 1lift and pitching moment as a positive elevator deflec-
tion. The data also indicate that boattalling the elevon caused a small
increase in maximum untrirmed lift-drag ratio with the highest value of L/D
occurring for the boattail angle of 4°. Targer boattail angles did not increase
L/D because the upper surface of the elevon stalled at an angle of attack of
0°. 1In unpublished results from small-scale tests made in the Langley high-
speed T- by 10-foot tunnel, however, where trim conditions were determined for
the various amounts of elevon boattail, the highest trimmed L/D occurred with
the maximum amount (6 = 12°) of boattail.

Trim characteristics.- The effect of elevator deflection on the longitu-
dinal characteristics of the body alone and of the body with various fin con-
figurations are presented 1in figure 7. These data show that, 1n general, the
effectiveness of the elevators was maintained over the test angle-of-attack
range although there was some loss 1n effectiveness for some configurations at
the extreme elevator deflections, evidently because of stalling of the surfaces.
The elevator was more effective with tip fins on than with them off, and the
variation of the 1ift and pitching-moment curves appeared to be more linear
except for positive elevator deflections.

The data of figure 7 have been summarized in figure 8 in the form of the
longitudinal trim characteristics for each of the configurations tested.




Although the data of figures 5 and 7 show that the tip fins caused a large
increase in lift-curve slope and, therefore, untrimmed 1lift for a given angle
of attack, trimming out the pitching moment produced by these fins resulted in
about the same trimmed 1ift characteristics as indicated in figure 8 for the
model regardless of fin configuration. The trimmed drag value, however, varied
by a considerably larger percentage between configurations. The major change
was the reduction in drag with the change from the original to the modified
three-fin configuration. This reduction resulted in an inecrease in maximum
trimmed lift-drag ratio from about 3.4 for the model with fins Es plus Iy to

about 4.7 for the modified three-fin model. The maximum trimmed values of L/D
for the body alone and the body with center fin E, were about 4.3 and 3.9,
respectively.

Effect of speed brakes.- The effect of symmetrical deflection angles of
OO, 200, and LOO of the speed brakes on the longitudinal characteristics of the
modified three-fin configuration may be seen in figure 9. The data show that
the speed brakes not only produced the desired increase in drag but reduced the
1lift and caused a large trim change because of the pitching moment introduced.
The maximum deflection angle shifted the trimmed angle of attack for Be = -10°

from about 12° to 24° and reduced the trimmed L/D from about 4.0 to 2.7.

Effect of landing gear.- The effects of extending the landing gear on the
longitudinal characteristics of the body alone are shown in figure 10(a). The
landing-gear-extended data in figure 10(b) were obtained by teking incremental
values between body alone and body plus landing gear from figure 10(a) and
adding them to values for the modified configuration with gear retracted. These
data are representative of a landing-gear-doors-closed configuration. The data
show that the gear had little effect on the 1ift and produced only a small neg-
ative pitching moment but greatly increased the drag and consequently caused a
large decrease in the untrimmed L/D.

Elevator hinge moments.- The varliation of the elevator hinge moments with
angle of attack is shown in figure 11 for several elevator deflections with tip
fins off and on. The data show that with tip fins on the hinge-moment curves
are steeper as might be expected because of the end-plate effect of the tip
fins which also resulted in an increase in lift-curve slope as pointed out
previously.

Lateral Control Characteristics

Small-scale model tests of the configuration with fin Es (ref. 11) and
unpublished data (obtained in the Langley 8-foot transonic pressure tunnel and
the Langley high-speed 7- by 10-foot tunnel) of the model with the basic and
modified fins E, plus I, have indicated that these configurations have satis-
factory lateral stability. Because of this fact, and because of the difficulty
and time required to make sideslip changes in the full-scale tunnel, no lateral
stability tests were made. The lateral control characteristics of the 28-foot
(8.53 meter) model, however, were investigated at an angle of sideslip of 0O,
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Rudder effectiveness.- The rudder eff@%tiveness as determined for the
model with fins Ep, Eo plus I, and modified E, plus I, is given in figure 12.

(The rudder was located only on fin Eg.) The data show that the rudder deflec-

tion produced relatively constant yawing-moment increments over the angle-of-
attack range and rather sizable adverse rolling-moment increments. It is also
seen that deflecting the rudder from -20° to -450 (figs. 12(a) and (b)) pro-
vided very little additlonal yawing moment. In the case of the modified con-
figuration (fig. 12(c)), it can be seen that most of the yawing moment was pro-
duced by only 10° of rudder deflection. In order to compare the effectiveness
of the rudders more directly, the curves in figure 12 for the condition of

Oy = -20° for the three configurations were repeated in figure 13. The rudder

was somewhat more effective with tip fins off than with them on - evidently
becanse deflecting the rudder caused a change in the tip-fin load that intro-
duced a yawing moment to oppose that of the rudder. Boattailing the rudder to
form the modified fin Ep reduced its effectiveness for the given 20° deflection.
It was noted, however, that the windward surface of the boattalled rudder had
90 less angle to the free stream than did the original rudder. This condition
raised the question of whether a "dead" spot might exist in the control char-
acteristics for rudder deflection near 0°. The cross plot of the modified-
rudder data (fig. 1), however, indicates that there was no loss in control
effectiveness at low deflection angles but that there was some loss in effec~
tiveness above &y = =10° - probably because of flow separation over the down-
wind surface.

Aileron effectiveness.- The alleron effectiveness for the various config-
urations studled is presented in figure 15 for several alleron deflections and
trim elevator settings. The data show decided nonlinearities which are attrib-
uted to flow separation on the more highly deflected elevon. The influence of
the tip fins on the effectiveness of the aileron 1s seen in figure 16 where
data from figure 15 are summarized for the same ailleron and elevator deflec-
tions. The allerons produce about twice as much incremental rolling moment
with tip fins on as with tip fins off. This increase is attributed, as was the
jnerease in elevator effectiveness, to the end-plate effect of the tip fins.
Aileron deflection, regardless of fin configuration, produced favorable yaving
moments. The ratio of yawing moment to rolling moment produced by the allerons,
however, was much higher for the model with tip fins off. This effect evi-
dently results from part of the large favorable yawing moment produced by the
center fin (due to differential pressure set up by the aileron deflection)
being balanced out by unfavorable yawing moments produced by the tip fins.

CONCLUSIONS

An investigation has been made in the Langley full-scale tunnel of a
28-foot (8.53 meter) model of the HL-10. Configurations studied in the inves-
tigation included the body alone, the body plus center fin, and the body plus
center and tip fins. From the results of the force~-test investigation, the
following conclusions are made:

. 7
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1. The longitudinal stability and the longitudinal and lateral control
characteristics of the model are satisfactory over the angle-of-attack range

from 0° to about 34°.

2. The tip fins greatly altered the characteristics of the model by
increasing the longitudinal stability and lift-curve slope and decreasing the
ratio of yawing moment to rolling moment produced by alleron deflection.

5. Reducing the base area by boattailing the fins, rudder, and elevons
increased the trimmed lift-drag ratio of the model with both center and tip

fins from 3.4 to L.7.

Langley Research Center,
Natlonal Aeronautics and Space Administration,

Langley Station, Hampton, Va., August 11, 1965.
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{a} Three-quarter front view showing support-system details. L-65-2437

Figure 2.- Model mounted for force testing in Langley full-scale tunnel.
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Figure 7.- Effect of elevator deflection on fongitudinal characteristics of model.
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Figure 7.- Continued.
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{d) Body with modified fins £ + 14. 8 = 40,

Figure 7.- Continued.
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Figure 15.- Effect of aileron deflection on lateral control characteristics of model.
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Figure 15.- Continued.
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Comparison of aileron effectiveness of model with various fin configurations. 8 = -20% 8 = -10°.
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